Background {#Sec1}
==========

Snails of the genus *Bulinus* (Müller, 1781) serve as intermediate hosts for larval development of the parasite species belonging to the *Schistosoma haematobium* species group in Africa, the Eastern Mediterranean and Madagascar \[[@CR1]\], as for other Trematode species like paramphistomes. The *S. haematobium* blood flukes are responsible for 112 million infections in Africa with an incidence exceeding 50% in some communities \[[@CR2]\]. The geographic distribution of these parasites is determined by the presence of their intermediate hosts \[[@CR3]\]. Indeed, members of the *Bulinus* genus have an extensive distribution throughout Africa, some areas of the Middle East and the Mediterranean countries \[[@CR4]\]. It is divided into four species groups: *B. africanus*, *B. forskalii*, *B. reticulatus* and the *B. truncatus/tropicus* complex \[[@CR5]\]. Among the 37 species that compose these four groups, several are known or suspected to act as intermediate hosts for larval stages of the *Schistosoma* parasites*.* However, the role of each species in the transmission of the disease varies considerably between and within countries \[[@CR4]\]. For example, in Cameroon *B. truncatus* is more implicated than *B. globosus* in the transmission of urinary schistosomiasis \[[@CR6]\], while this is not the case in Senegal, where *B. globosus, B. senegalensis* and *B. umbilicatus* are known as the main intermediate hosts for *S. haematobium* \[[@CR7]\].

The interpretation of these specific snail-parasite relationships requires a deeper understanding of the past events that have affected the population diversity and distribution of *Bulinus* species. Furthermore, such information is essential for assessing the geographical distribution of variation in genes associated with resistance in bulinid snails. Previous studies showed that the above four *Bulinus* species groups were stable throughout the majority of phylogenetic analyses and demonstrated the monophyletic status of these groups with both variable and highly conserved genes \[[@CR8]-[@CR10]\]. However, these studies were restricted to the basic phylogenetic level and no phylogeographic studies including estimates of haplotype and nucleotide diversity were performed.

In this investigation, we used a suite of population genetic and phylogenetic analyses to characterize populations of seven *Bulinus* species collected from endemic areas in three African countries (Cameroon, Senegal and Egypt), using one mitochondrial gene (the protein coding cytochrome oxidase subunit I (cox1) gene and three nuclear genes (18S rRNA, 28S rRNA, and the Internal Transcribed Spacer (ITS)). We tried to explain their present diversity in relation with schistosomiasis transmission.

Results {#Sec2}
=======

Population genetic analysis {#Sec3}
---------------------------

### Mitochondrial genome diversity {#Sec4}

A data matrix of 1031 bp was used in this analysis (644 bp from the Folmer region and 387 bp from the Asmit region). All mtDNA sequences were found to be highly variable. Within species, the global haplotype diversity was very high in our samples ranging from 0.85 in *B. umbilicatus* to 0.99 for *B. senegalensis*. Furthermore, our estimate of nucleotide diversity ranged from 0.016 in *B. camerunensis* population to 0.052 for *B. senegalensis* (Table [1](#Tab1){ref-type="table"}).Table 1**Sequence diversity in mitochondrial and nuclear ribosomal genes from seven** ***Bulinus*** **species collected in different African countriesCountriesn*u**Hd**π**D (P-value)**Fs (P-value)*Cox1***B. truncatus***All56350.9110.050−1.834\*−6.209\***Cameroon24200.9550.042−1.712−0.249Egypt2040.5080.0230.8441.997Senegal1290.9610.053−0.867−4.159*B. globosus*Cameroon20180.9780.035−1.082−1.351*B. senegalensis***All50450.9920.052−1.611−8.626**Cameroon16140.9640.051−0.364−0.141Senegal34300.9850.053−1.666−2.707*B. tropicus*Cameroon1080.9320.045−0.271−1.531*B. forskalii*Cameroon1080.9330.051−0.027−2.667*B. umbilicatus*Senegal850.8500.0351.4662.921*B. camerunensis*Cameroun640.8990.016−0.83741.655**18S***B. truncatus***All3030.1570.001**−0.483−4.121Cameroon1010.0000.000\--Egypt1010.0000.000\--Senegal1030.3780.002−0.5072.199*B. globosus*Cameroon1030.4170.001−1.233−0.189*B. senegalensis***All2090.8630.002−0.009−4.792**Cameroon1070.8530.0020.168−4.538Senegal1060.8010.0010.592−0.658*B. forskalii*Cameroon1040.4580.001−0.6120.172**28S***B. truncatus***All30130.5050.007−1.956\*−4.095**Cameroon1050.5390.008−1.116−0.062Egypt1040.5040.0061.1931.716Senegal1060.5680.009−1.323−1.285*B. globosus*Cameroon1070.8310.0041.168−0.946*B. senegalensis***All20140.9550.012−0.159−1.962**Cameroon1080.8930.011−1.375−1.785Senegal1090.9560.0131.168−0.946*B. forskalii*Cameroon1070.8340.0121.3657.499\*\*Note.--- *n*: number of individuals sequenced, *U*: number of unique haplotypes within countries, *Hd*: haplotype diversity, *π*: nucleotide diversity, *D*: Tajima's *D* statistic, *Fs*: Fu's *Fs* statistic.\*P \< 0.05 ; \*\*P \< 0.0.

Within countries, as expected haplotype diversity is lower but exceeds 0.800 in the three countries (Table [1](#Tab1){ref-type="table"}). The number of *B. truncatus* unique haplotypes found in the Northern region of Africa (Egypt) is lower than that found in the Sub-Saharan Africa (Cameroon and Senegal). There is also higher nucleotide diversity found within *B. truncatus* populations sampled from Cameroon and Senegal compared to Egypt.

### Ribosomal genome diversity {#Sec5}

#### Ribosomal RNA (18S) {#d30e1458}

A data matrix of 852 bp was used in this analysis and the sequences were found to be highly similar. The highest haplotypes diversity was again observed within *B. senegalensis* species (Hd = 0.86), while the lowest one was observed within *B. truncatus* (Hd = 0.157), confirming the results obtained from the cox1 data (Table [1](#Tab1){ref-type="table"}).

#### Ribosomal RNA (28S) {#d30e1472}

A data matrix of 855 bp was used in this analysis, the sequences were found to be more variable than 18S, and therefore higher values of haplotype and nucleotide diversity were observed (Table [1](#Tab1){ref-type="table"}). Haplotype diversity exceeds 0.5 in all species, but again the highest Hd was detected in *B. senegalensis* (Hd = 0.95).

#### Ribosomal RNA (ITS) {#d30e1483}

ITS data was only available for six species from 17 different localities. Therefore, these data were only analyzed at a basic phylogenetic level and not at the population level. ITS sequences had an extreme amount of length variation, with a range of 600 to 990 bp. The shortest ITS lengths were noted in *B. globosus*, thus indicating probable deletion events. The largest ITS sequences were found in *B. tropicus* species. The sequences were found to be highly variable.

Genetic divergence between and within species {#Sec6}
---------------------------------------------

The diversification index (*Fst*) between the seven studied species was calculated using the combined data matrix (Table [2](#Tab2){ref-type="table"}). The largest divergence was observed between *B. forskalii* and *B. umbilicatus* populations (*Fst* = 0.903), whereas those of *B. truncatus* and *B. tropicus* are the most closely related (*Fst* = 0.206), as expected since these two species are part of the same group.Table 2**Estimation of fixation index (** ***Fst*** **) over sequence pairs from different** ***Bulinus*** **species using the combined cox1, 18S, and 28S data matrixSpecies*B. truncatus**B. tropicus**B. senegalensis**B. camerunensis**B. forskalii**B. globosus**B. tropicus***0.206***B. senegalensis***0.5380.600***B. camerunensis***0.6220.6990.777***B. forskalii***0.6180.7030.7610.623***B. globosus***0.5230.5990.7210.7910.793***B. umbilicatus***0.6590.7110.8170.8990.9030.774

The average within species diversity using the combined data matrix ranged from 0.005 to 0.040 (Table [3](#Tab3){ref-type="table"}). The most heterogeneous species were *B. senegalensis* and *B. forskalii*, while individuals from *B. umbilicatus* are the most homogeneous, but this might be the result of the small simple size of the latter species.Table 3**Estimation of average evolutionary divergence over sequence pairs within species using the combined cox1, 18S and 28S data matrixSpeciesCox1-FolmerCox1-Asmit18S28SCombined data matrix*B. truncatus***0.007 ± 0.0020.093 ± 0.0090.002 ± 0.0010.009 ± 0.0010.026 ± 0.001***B. tropicus***0.020 ± 0.0030.005 ± 0.0090.002 ± 0.0020.076 ± 0.0080.024 ± 0.002***B. senegalensis***0.087 ± 0.0060.049 ± 0.0060.002 ± 0.0010.011 ± 0.0020.038 ± 0.002***B. forskalii***0.046 ± 0.0060.052 ± 0.0070.000 ± 0.0000.122 ± 0.0080.040 ± 0.003***B. globosus***0.055 ± 0.0060.065 ± 0.0080.001 ± 0.0000.014 ± 0.0030.024 ± 0.002***B. umbilicatus***0.002 ± 0.0020.070 ± 0.0110.002 ± 0.0020.004 ± 0.0020.005 ± 0.001***B. camerunensis***0.002 ± 0.0020.022 ± 0.007\-\--**Over all mean distance**0.117 ± 0.0090.134 ± 0.0090.005 ± 0.0020.038 ± 0.0030.076 ± 0.003

Demographic history {#Sec7}
-------------------

DnaSP v5.10.1 was used to perform Tajima's and Fu's neutrality tests in order to detect violations of mutation-drift equilibrium caused by selection or changes in population size. Within *B. truncatus*, the two tests were significantly negative using cox1 sequences, while no significant results were obtained when samples from individual countries were analyzed, perhaps in part because of the smaller sample sizes. Tajima's *D* was significantly negative in the 28S dataset*.* Although these two statistics were originally introduced as tests of neutrality, Fu's test is considered a powerful test to detect past population expansion. Therefore, significant negative values, such as those seen here, can indicate population expansion especially in Cameroonian and Senegalese *B. truncatus* populations. Within other species, the estimates of the two statistics were not significant in all regions, which indicate neutral evolution for these species in the studied countries.

Phylogeny reconstruction {#Sec8}
------------------------

The phylogenetic trees produced for all gene fragments together and for each gene separately were very similar, as were the threes obtained using three different tree-building algorithms (maximum likelihood (ML), maximum parsimony (MP) and neighbor-joining (NJ)). All analyses confirm the monophyletic status of the *Bulinus* genus (bootstrap support of 93.3%; see Figure [1](#Fig1){ref-type="fig"}).Figure 1**Detailed view of the seven** ***Bulinus*** **species within the maximum-likelihood estimates (1000 bootstrap replicates) using combined data matrix (All genes together with TVM + G as selected model).** An asterisk indicates node support ≥ 80 for all methods used (parsimony, distance, and likelihood bootstrap analyses), with *Indoplanorbis exustus* as outgroup. Scale bar indicates 2 substitutions per 100 sites. Each terminal branch in the tree is marked using a letter country code (C: Cameroon, E: Egypt, and S: Senegal). Each internal branch represent monophyletic groups.

### Combined data matrix {#Sec9}

The results from all genes were combined together for 40 *Bulinus* specimens, as this improved resolution and resulted in higher bootstrap values for internal nodes compared to the single gene trees. The three different tree-building algorithms were largely congruent (Figure [1](#Fig1){ref-type="fig"}). All seven species were supported by high bootstrap values and split into two clusters: cluster A comprised members of the *B. truncatus/tropicus* complex and the *B. africanus* group, while cluster B represented the *B. forskalii* group*.*

The cluster A is split into two subclades (bootstrap value of 94%), the first subclade C contains sequences that are restricted to either *B. truncatus* or *B. tropicus,* with Cameroonian *B. truncatus* haplotypes branching off earlier than those from Senegal and Egypt. This could indicate that these *B. truncatus* haplotypes were introduced into Egypt from Sub-Saharan countries. The second subclade D includes *B. globosus* and *B. umbilicatus* haplotypes.

As for the second cluster B, the haplotypes split again into two subclades supported by bootstrap values of 99%. Subclade E includes sequences from *B. forskalii* and *B. camerunensi*s, while subclade F contains sequences that are restricted to *B. senegalensis*, which is itself split into two groups: the first with Cameroonian haplotypes and the second with Senegalese haplotypes (Figure [1](#Fig1){ref-type="fig"}).

### mtDNA (Cox1 Folmer and Asmit regions) {#Sec10}

The cox1 region carried a strong phylogenetic signal, with clear haplotype clustering and high bootstrap support, although with higher bootstrap values for the Folmer region (Figure [2](#Fig2){ref-type="fig"}). The phylogenetic analysis indicated the same clustering as found with the combined data matrix. However, due to the higher number of cox1 sequences individuals could be grouped according to the country of origin. For example three clear *B. truncatus* clusters could be identified using both Folmer and Asmit regions, with again Cameroonian *B. truncatus* haplotypes branching off earlier than those from Senegal and Egypt (Figure [2](#Fig2){ref-type="fig"}). In addition, the *B. senegalensis* haplotypes split into two lineages, the first originated from Cameroon and the second from Senegal, the clustering within Senegal was however less supported (Figure [2](#Fig2){ref-type="fig"}).Figure 2**Detailed view of the seven** ***Bulinus*** **species within the maximum-likelihood estimates (1000 bootstrap replicates) using cox1 Folmer and Asmit region (All genes together with GTR + G as selected model).** An asterisk indicates node support ≥ 80 for all methods used (parsimony, distance, and likelihood bootstrap analyses), with *Indoplanorbis exustus* as outgroup. Scale bar indicates 2 substitutions per 100 sites for Cox Folmer region and 5 substitutions per 100 sites for Cox Asmit region.

### Nuclear rRNA (18S, 28S and ITS) {#Sec11}

The phylogenetic trees generated using the nuclear rRNA (18S, 28S and ITS) confirm the major clades described by both the combined data matrix and the cox1 region (Figure [3](#Fig3){ref-type="fig"}). However, the 18S region was not able to classify the sequences according to their species. This is the case of the *B. africanus* group where there was no clear segregation between *B. globosus* and *B. umbilicatus*. Similarly, the three species within the *B. forskalii* group, *B. senegalensis, B. camerunensis* and *B. forskalii* all grouped together (Figure [3](#Fig3){ref-type="fig"}).Figure 3**Detailed view of the seven** ***Bulinus*** **species within the maximum-likelihood estimates (1000 bootstrap replicates) using 18S and 28S (All genes together with GTR + G as selected model).** An asterisk indicates node support ≥ 80 for all methods used (parsimony, distance, and likelihood bootstrap analyses), with *Indoplanorbis exustus* as outgroup. Scale bar indicates 5 substitutions per 100 sites for 28S region.

Discussion {#Sec12}
==========

Population genetic analysis {#Sec13}
---------------------------

The mtDNA sequences showed high haplotype and nucleotide diversity, with a clear segregation according to species and locality. Many different haplotypes were found, with approximately one out of three to four snail specimens having a different haplotype within the same locality. This high level of genetic diversity was higher than that found by Nalugwa et al. \[[@CR11]\] in *B. truncatus* and *B. forskalii* (from Cameroon) where one snail out of six to seven individuals had different mtDNA haplotypes using the same fragment \[[@CR11]\].

Of the nuclear fragments, 18S was the least variable, while 28S showed an intermediate level of nucleotide variation compared to the ITS fragment which was the most variable. These results are comparable to that found in the work of Jørgensen et al., \[[@CR8]\] where they also observed a lower variation in 18S compared to 28S in 26 *Bulinus* taxa representing the four species groups currently recognized in this genus from different African countries \[[@CR8]\]. Despite this intermediate nucleotide diversity in 28S, the haplotype diversity was high and comparable to that found with the cox1 region.

This high genetic diversity detected at all loci, both within and between species is probably influenced by several factors:i)Firstly, geographical isolation is probably the most dominant factor to explain the global diversity within species from different countries. In fact, *Bulinus* populations investigated in the present study originated from geographically distant countries, limiting gene flow between them. This reproductive isolation might have allowed independent evolution and divergence of these populations leading to distinct lineages. Indeed, our results showed that *B. truncatus* and *B. senegalensis* populations from the same country clustered together and formed different lineages (Figure [2](#Fig2){ref-type="fig"}).ii)Secondly, *Bulinus* species are hermaphrodite and can reproduce both by cross-fertilization and/or self-fertilization \[[@CR12]\], and each of these modalities induces different genetic consequences \[[@CR13]\]. *B. globosus* and *B. senegalensis* are mainly outcrossing and therefore they showed high levels of genetic variability.iii)Thirdly, despite the fact that *B. truncatus* is preferentially self-fertilizing, it is a tetraploid species \[[@CR14]\], and studies have shown that diversification is high in polyploid species \[[@CR15]\], which might explain this relatively high haplotype diversity detected within this snail species.

Snail genetic diversity and host parasite compatibility {#Sec14}
-------------------------------------------------------

The relationship between *Schistosoma* and *Bulinus* species is very specific and varies in according to geographic location \[[@CR7],[@CR16]\]. For schistosome - snail interactions, empirical data suggest local adaptation of parasites which result in higher infection levels of local snail populations \[[@CR17]\]. This in turn could affect the genetic diversity of these snails from one infection site to another \[[@CR17]\].

In Cameroon, our results showed lower levels of genetic diversity for *B. truncatus* than for *B. globosus* and *B. senegalensis* at all loci. In fact, according to Schmid-Hempel \[[@CR15]\], and Coltman et al., \[[@CR19]\], a loss of genetic variation in host population can increase susceptibility to parasitism \[[@CR18],[@CR19]\], basing on this statement higher infection and transmission rates should be expected in those *B. truncatus* populations. Indeed, experimental infections of *B. globosus* and *B. truncatus* from Cameroon with different isolates of local miracidia were carried out to study snail-parasite compatibility \[[@CR6]\]. Their findings suggest that *B. truncatus* might be more implicated than *B. globosus* in *S. haematobium* transmission.

On the other hand, *B. forskalii* is ubiquitous in Cameroon and it is often present in association with *B. senegalensis*. It acts as intermediate host for *S. guineensis* \[[@CR20]\]*.* The results reported in the present study revealed very high levels of genetic diversity in *B. forskalii* at all loci, which is in accordance with the work of Gow et al. \[[@CR20]\], who have detected high level of microsatellite polymorphism and gene diversity within *B. forskalii* populations in Cameroon. Furthermore, according to Tchuem Tchuenté et al. \[[@CR1]\], there is a decrease or cessation in *S. guineensis* transmission in some major foci in Cameroon, indicating a progressive extinction for this parasite species in this country \[[@CR20]\]. This parasite extinction is most likely the result of hybridization between *S. guineensis* and *S. haematobium*, but also is maybe influenced by the high levels of genetic diversity within Cameroonian *B. forskalii* populations since a gain of genetic variation can decrease susceptibility to parasitism \[[@CR19]\].

In Egypt, only *B. truncatus* acts as intermediate host for urinary schistosomiasis. *B. truncatus* snails are recorded in water bodies throughout Egypt. It is most abundant in large canals, and decreases in density as the water approaches and flows into drains \[[@CR21]\]. In this country, urinary schistosomiasis is prevalent along the Nile Valley from the Delta region to Upper Egypt. A seasonal analysis showed that *B. truncatus* snails are year-round infected with schistosomes \[[@CR22]\]. In the present study, we have noted a relatively high genetic diversity within Egyptian *B. truncatus* populations*.* In parallel, according to El-Khoby 2000, there is a decrease in the prevalence of *S. haematobium* in Egypt during the last years, and *S. mansoni* has almost totally replaced *S. haematobium* in Lower Egypt and is spreading into Upper Egypt \[[@CR23]\]. Furthermore, the haplotypes detected from the Nile Delta were different from those found in Upper Egypt. Prevalence of *S. haematobium* in Upper Egypt sites was higher than that found in the Nile Delta \[[@CR23]\]. This might be explained by a variety of factors that are probably related to a lower socioeconomic status of people who live in rural sites (Upper Egypt) and are more employed in agriculture so that they are more exposed to infection. Another factor might be related to higher genetic diversity within populations of *B. truncatus* in Nile Delta.

In Senegal, our results showed higher diversity in *B. truncatus* populations than those in Egypt and Cameroon. This might be linked to the fact that Senegalese *B. truncatus* populations are implicated in the transmission of *S. bovis* and *S. haematobium* x *S. bovis* hybrids, but not of pure *S. haematobium* \[[@CR24]\], suggesting a strong role for parasite genetics in influencing the diversity of their intermediate hosts.

Phylogeny of bulinids from Cameroon, Egypt and Senegal in relation to schistosomiasis {#Sec15}
-------------------------------------------------------------------------------------

Schistosomiasis transmission depends on the active role of the intermediate host. The disease is thus closely related to rural development of water resources and snail population expansion \[[@CR25]\]. Therefore, we cannot talk about parasite distribution without referring to the distribution of its intermediate host. Our results showed lower diversity within *B. truncatus* populations originating from North Africa (Egypt) compared to those originating from Sub-Saharan Africa (Cameroon and Senegal) at all loci. Many factors can explain this lower diversity in Egypt such as selection, drift or probably a relatively recent introduction since specimens from Cameroon and Senegal are basal to them in lineage C (Figures [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}), which may suggest that *B. truncatus* may have colonized Egypt from Sub-Saharan Africa. In addition, a previous hypothesis suggested that schistosomiasis has appeared earlier in various parts of sub-Saharan Africa and then became widely distributed in North Africa during prehistoric wet phases \[[@CR26]\]. In fact, the physical and human environment of the Nile valley and delta provided increasingly favorable conditions for the transmission and spread of schistosomiasis caused by *S. haematobium* after the development of irrigation agriculture during the early Pharaonic period. Although the snail fossil record is poor in the ancient Nile valley and delta, *B. truncatus* host snails were probably widespread, also indicated by their recovery from irrigated areas and wells elsewhere in the Middle East.

Conclusion {#Sec16}
==========

Molecular studies provide opportunities to investigate the contribution of snail genetics to variation in disease burden and pathology. The results reported in this study are very important since a detailed understanding of *Bulinus* population's genetic variation has become increasingly relevant to the transmission of many schistosome parasites. A novel insight from our study is the high levels of genetic diversity detected within *Bulinus* populations originating from different African countries, which might affect the susceptibility of *Bulinus* species to parasite infection. In addition, the highest genetic diversity was detected within populations of *B. forskalii* and *B. senegalensis*. Furthermore, our results suggest that *B. truncatus* may have colonized Egypt from Sub-Saharan Africa. Further studies are required with higher simple size on a large scale to understand the demographic histories of these snails' populations.

Methods {#Sec17}
=======

Taxon sampling and DNA extraction {#Sec18}
---------------------------------

Snails of the *Bulinus* genus were sampled from Cameroon, Egypt and Senegal. The climate is of Mediterranean type in Egypt, tropical or equatorial in Cameroon, and mainly tropical in Senegal. This allowed the discovery of as much genetic variability as possible even within the same species from different countries. Table [4](#Tab4){ref-type="table"} summarizes the main characteristics of the investigated sites. Seven different species have been studied: *B. camerunensis, B. forskalii, B. globosus, B. senegalensis, B. tropicus, B. truncatus* and *B. umbilicatus*. The taxonomic identity of the sampled snails was initially determined based on shell morphology using the field identification key of Kristensen (1987). Snails were collected from their habitats and conserved in 70% ethanol until genetic analyses.Table 4**Location and sampling information for the seven** ***Bulinus*** **species collected from 45 sites in Cameroon, Senegal and EgyptSpeciesLocalitiesGPS Co-ordinatePre in % references*N****B. truncatus*Bertoua, Cameroon04°35′20″ N, 13°40′52″ E43.34Kékem, Cameroon05°09′47″ N, 10°00′37″ E1 - 44Mokolo, Cameroon10°44′00″ N, 13°46′04″ E25 - 492Barombi-kotto, Cameroon04°28′04″ N, 09°15′02″ E68.94Dschang, Cameroon05°26′43″ N, 10°04′01″ E1 - 44Ngaoundéré, Cameroon07°18′59″ N, 13°35′22″ E1 - 44Loum, Cameroon04°42′58″ N, 09°44′11″ E62.82Behera, Egypt30°33′28″ N, 30°42′14″ E1.84Kafer-zayat, Egypt30°48′08″ N, 30°48′06″ E0.452Tanta, Egypt30°45′32″ N, 31°00′07″ E0.452Kenesa West, Egypt30°09′39″ N, 31°10′09″ E0.262Giza, Egypt30°08′29″ N, 31°04′37″ E0.264Mansouria, Egypt30°00′28″ N, 31°12′07″ E0.264Quena, Egypt26°10′23″ N, 32°09′58″ E4.782Diama, Senegal15°26′10″ N, 16°14′02″ E-4Guedé, Senegal16°31′52″ N, 14°47′33″ E-4Ndmobo, Senegal16°26′08″ N, 15°41′52″ E-4*B. tropicus*Petponoun-East, Cameroon05°37′59″ N, 10°38′09″ E955Petponoun-West, Cameroon05°37′59″ N, 10°38′07″ E955*B. globosus*Mourtouwa, Cameroon10°12′42″ N, 14°11′28″ E50-1004Yagoua, Cameroon10°20′58″ N, 15°13′55″ E25-492Gounougou, Cameroon09°04′33″ N, 13°42′25″ E78.82Ouroudoukoudje, Cameroon09°05′53″ N, 13°43′22″ E57.3)2Djalingo, Cameroon10°23′53″ N, 15°15′11″ E-4Bessoum, Cameroon09°07′00″ N, 13°15′11″ E77.26Richard Toll, Senegal16°27′40″ N, 15°41′15″ E-4*B. umbilicatus*Gadiak, Senegal14°51′49″ N, 16°03′24″ E66.974Ngangarame, Senegal14°34′60″ N, 16°28′60″ E60.504*B. senegalensis*Maroua, Cameroon10°34′56″ N, 14°19′39″ E-4Mora, Cameroon11°03′03″ N, 14°08′58″ E-4Gounougou, Cameroon09°04′33″ N, 13°42′25″ E78.82Kaélé, Cameroon10°06′07″ N, 14°27′03″ E\>504Kousseri, Cameroon12°04′59″ N, 15°01′60″ E-2Toukar, Senegal14°31′51″ N, 16°28′36″ E61.314Diohine, Senegal14°29′48″ N, 16°30′17″ E72.544Gadiak, Senegal14°51′49″ N, 16°03′24″ E66.974Poudaye, Senegal14°48′48″ N, 16°37′13″ E62.506Logdir, Senegal14°30′48″ N, 16°30′13″ E48.532Ngalagne, Senegal14°24′29″ N, 16°47′43″ E91.536Kotior, Senegal14°28′32″ N, 16°32′13″ E43.332Godiyel, Senegal13°41′00″ N, 13°26′00″ E53.032Sob, Senegal14°29′20″ N, 16°26′58″ E34,552Sass, Senegal14°30′03″ N, 16°24′04″ E45,612*B. camerunensis*Barombi-kotto, Cameroon04°28′04″ N, 09°15′02″ E68.96*B. forskalii*Gounougou, Cameroon09°04′33″ N, 13°42′25″ E78.810Total164Note. N: sample size, Pre: prevalence rate of human infection with *S. haematobium.*

Genomic DNA was extracted from snails using the QiAamp DNA Mini Kit (Qiagen®, France) following manufacturer's instructions. A Nanodrop ND-1000 spectrophotometer was used to quantify and check DNA purity.

DNA amplification and sequencing {#Sec19}
--------------------------------

Four markers were selected for sequencing: the protein coding cytochrome c oxidase subunit I (cox1), and three nuclear ribosomal genes (ITS, 18S and 28S). Partial sequences from the four genes were obtained after PCR amplification. Various combinations of the used primers are presented in Table [5](#Tab5){ref-type="table"}.Table 5**Primers used for PCR amplification and sequencingPrimer namePrimer sequenceForward or reverseSource**Cytochrome oxidase subunit 1CO1 (LCO490)5'-GGT CAA CAA ATC ATA AAG ATA TTG G-3'ForwardFolmer et al., \[[@CR27]\]CO2 (HCO2198)5'-TAA ACT TCA GGG TGA CCA AAA AAT CA-3'ReverseAsmit 1 (ATI)5'-TTT TTT GGG CAT CCT GAG GTT TAT-3'ForwardBowles et al., \[[@CR28]\]Asmit 2 (AT2)5'-TAA AGA AAG AAC ATA ATG AAA ATG-3'ReverseInternal transcribed spacer of the ribosomal gene complexETTS15'- TGC TTA AGT TCA GCG GGT -3'ReverseKane and Rollinson, \[[@CR29]\]ETTS25'- TAA CAA GGT TTC CGT AGG TGA A -3'ForwardSmall Subunit rRNA (SSU)18SBaso3F5'-GTG CTC TTC NCT GAG GGT CC-3'ForwardJørgensen et al., 2011 \[[@CR8]\]18SBaso9R5'-TAC GGA AGC CTT GTT ACG A-3'ReverseLarge Subunit rRNA (LSU)Baso2600F5'-GGA ATC CGA CTG TCT AAT TAA AAC-3'ForwardJørgensen et al., 2011 \[[@CR8]\]Baso3600R5'-CRG ATG GAT GGT AGC YTC GCA CC-3'Reverse

For cox1 and ITS, 25 μL PCR mixtures were set up with 0.5 U Taq polymerase (Qiagen), 5 μL 10x buffer, 2--4 μL MgCl2 (depending on template and primers), 0.8 μL dNTPs, 0.5 μL from each primer (20 ng/μL). For 18S and 28S rRNA; amplification was performed with High Fidelity Taq DNA polymerase (Roche) in a 50 μL total reaction volume with standard reaction conditions since this enzyme is designed to increase yield and fidelity when amplifying longer fragments. A standard concentration of 500 ng/μL was used as template for all PCR reactions.

The PCR conditions varied for each primer combination. Cycling conditions for both cox1 and ITS were as follows: preheat step at 95°C for 5 min followed by 35 cycles of denaturation at 94°C for 10 sec, annealing at 40°C for 30 sec and extension at 72°C for 1 min; final extension step at 72°C for 10 min. Amplification for both 18S and 28S involved i) a preheat step at 94°C for 2 min, ii) 10 cycles, each including denaturation at 94°C for 15 sec, annealing at 43°C for 30 sec and extension at 72°C for 45 sec, iii) 15 cycles including the same conditions except the extension step which was expanded to 5 sec per cycle, iv) a final extension step at 72°C for 10 min.

PCR products were purified using QIAquick PCR Purification Kit (Qiagen®, France), then sequenced using an ABI Prism BigDye® Terminator v1.1 Cycle Sequencing Ready Reaction Kit (PE, Applied Biosystems) following manufacturer's instructions, and run on an ABI 377 automated sequencer.

Data analyses {#Sec20}
-------------

The obtained sequences were used to perform BLAST searches \[[@CR30]\] via the National Center for Biotechnology Information (NCBI) GenBank to assure that the sequences matched the sequenced genes. Sequence chromatograms were checked using SeqScape v2.5. Nucleotide sequences were multiple aligned using CLUSTAL X \[[@CR31]\], and submitted to GenBank database under the accession numbers \[GenBank: KJ135287-KJ13508 and KJ157326-KJ157508\].

### Population genetic analysis {#Sec21}

DnaSP v5.10.1 \[[@CR32]\] was used to estimate global and regional levels of haplotype and nucleotide diversity for the seven species, and to conduct Tajima's and Fu's neutrality tests for patterns on non-neutral evolution within each species. We also used DnaSP to estimate the diversification index *(Fst)* between each pair of species.

MEGA v5 \[[@CR33]\] was used to estimate the average evolutionary divergence over sequence pairs within species for each gene. The optimal model of sequence evolution that best fits the data was evaluated using FindModel: for cox1-Folmer region (GTR + G), Cox Asmit-region (GTR + G), 18S (GTR + I), 28S (K81 + G) and combined data matrix (GTR + I + G). Standard error estimates were obtained by a bootstrap procedure (500 replicates).

### Phylogenetic analyses {#Sec22}

In the case of interpopulation diversity, data matrices were constructed (with unique haplotypes) for individual genes separately, and then for all combined genes. All phylogenetic analyses were carried out using MEGA. Evolutionary relationships between the haplotypes were inferred using maximum parsimony (MP), maximum likelihood (ML), and Neighbor-joining (NJ) methods. The different types of analyses were subjected to 1000 bootstrap replicates as a means for testing the reliability of individual branches within the generated tree. *Indoplanorbis exustus* (Deshayes, 1834) (Planorbidae: Bulininae) was selected as outgroup in analyses of cox1 (Folmer and Asmit regions), 18S and 28S, as Morgan et al., \[[@CR34]\] had placed this genus as sister group to *Bulinus* \[[@CR34]\]*.* Trees using ITS data matrix were constructed with *Biomphalaria helophila* as outgroup since no ITS sequence of *I. exustus* was available. Parsimony inference was performed via a heuristic search using 1000 replicates of random sequence entry, tree-bisection-reconnection (TBR) branch swapping. Maximum likelihood and NJ trees were performed with the inferred substitution models as mentioned above.

Availability of supporting data {#Sec23}
-------------------------------

The data sets supporting the results of this article are available in the Dryad.org repository, doi:10.5061/dryad.hf63h.
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